A simplified method was developed by which three-dimensional composite photoelastic models were constructed. The optimum marginal configuration for the stress distribution was determined and was found to be of the chamfer type.
Johnson2 showed that the inclusion of irregularly shaped pulp chambers in threedimensional photoelastic models of mandibular molars did not affect the stress distribution at the base of the cavity. Johnson et a13 used three-dimensional photoelastic stress analysis to investigate the design of Class I cavity preparations. The models were made of epoxy resin, and they were tested using the stress freezing technique.
They remarked that significant stresses existed in planes remote from points of loading and that rounding internal line angles reduced the stresses significantly.
By use of two-dimensional photoelastic models El-Ebrashi, Craig, and Peyton4-8 investigated the effects of modifying the geometry in dental restorations.
In this investigation a method is developed and described which enables one to construct a composite dental model with the proper modulus and Poisson's ratio at the same stress freezing temperature. Threedimensional photoelasticity was used to investigate the effects of varying the geometry of a gold full-crown restoration on the stress distribution in a model of the restoration and the supporting dentin.
Materials and Methods
PRELIMINARY TESTING OF THE PHOTOELAS-TIC MATERIALS.-The photoelastic material was a two component system, an epoxy resina and an amine hardenerb mixed in the ratio of 2:1. This ratio was decided upon after extensive tests on cylindrical specimens with a wide range of resin to hardener ratio (Table 1). Once the desired quantity of resin and hardener was established, the compo- nents were gently and thoroughly mixed at room temperature so as to avoid the incorporation of air bubbles. When a clear mixture was obtained the batch was placed under a vacuum of 10 psi for a period of one hour to be sure that the mixture was bubblefree. The mixture then was poured into cylindrical silicone molds and allowed to polymerize for three days at room temperature, after which time the specimens were placed for 30 minutes in an oven at 140 F and then allowed to cool to room temperature. The resulting cylindrical specimens were 1.227 inches in diameter, and their length was trimmed to about 2.0 inches with the help of a flywheelc on which Carborundum cut-off wheeled were mounted. These specimens were then ready to be tested in compression to determine their modulus. The material as has been described will henceforth be referred to as M-1.
Other specimens were prepared following the same procedure as described, but subjected to a different curing cycle. After the three-day polymerization the specimens were placed in the oven for two hours at 115 F and then permitted to cool to room temperature. Following this treatment the specimens were replaced in the oven at 212 F for two hours and again allowed to cool slowly to room temperature to avoid large thermal gradients. At this time their length was trimmed to approximately 2.0 inches and the specimens were ready to be tested to Pistorious Machine Co., Hicksville, NY. determine their modulus. This second material will be referred to as M-2.
To determine the modulus, each specimen was placed in an oven for one hour at a constant temperature of 115 F. A ChromelAlumel thermocouple (type k) was inserted into the oven and taped to the specimen, and the temperature was recorded with a potentiometer. A thermometer also was used as a check on the temperature.
The specimen reached a constant temperature of 115 F after one hour and it then was loaded in compression with the help of an Instron testing machines at the rate of 0.2 cm/min, and a plot of deflection versus load was recorded. Several specimens were tested in this fashion and their moduli, E, are shown in Table 2 . Several runs were made without any samples to determine the deflection inherent within the system; such deflection was found to be negligible.
To calibrate the materials M-1 and M-2, disks, 0.25 inches thick and 1.227 inches in diameter, were sliced from virgin cylindrical specimens and loaded in diametrical compression in the oven after reaching a constant temperature of 115 F. The governing equation for determining the fringe value for materials M-1 and M4-2 is:
(1) where P is the load applied, D is the diameter of the specimen, and N is the fringe order at the center of the disk. The Tardy To prepare the tooth with a full crown preparation a silicone mold was made in which the photoelastic material M-1 was poured. The tooth with the full crown preparation was complete with an idealized pulp chamber. Another silicone mold was prepared in which the photoelastic material M-2 was poured, and this represented the gold crown casting. The steps followed in preparing the composite tooth are shown in Figure 1 . The molds were prepared in sequence from 1 to 5. The cure cycles were carried out as indicated earlier for AM-1 and M-2, and when both portions were completed they were luted using improved dental stone.
The first molar made of the photoelastic materials M-1 and M-2 was placed in a loading jig representing the left quadrant of the arch. This jig consisted of the first and second premolars and first and second molars, both maxillary and mandibular. Only the mandibular first molar was made of the Silastic A-RTV, Dow Corning, Midland, Mich. h Duroc, Ransom and Randolph Co., Toledo, Ohio. photoelastic materials, whereas the remainder of the teeth were made of improved dental stone. The root surface of the photoelastic model was supported by a 2 to 4 mm layer of silicone rubber to simulate the periodontal membrane. The occlusion was that of a cusp-to-fossa relationship.
STRESS FREEZING OF THE COMPOSITE MODEL.-
The photoelastic composite tooth was placed in the oven for one hour at a constant temperature of 115 F, which allowed the tooth to reach a uniform temperature. In most instances, no parasitic fringes were evident before stress freezing; if, however, parasitic fringes were observed, the model was stressannealed by heating it to 145 F at a rate of 1 F/min, and cooled to room temperature at the rate of 4 F/hr. It then was placed in the jig and was loaded. The temperature was held at 115 F for another hour, and then the heater of the oven was shut off and the model allowed to cool. Since the oven was well insulated the cooling was slow enough to avoid serious thermal gradients in the stress-freezing range. The composite tooth then was ready for slicing and polishing.
By use of the material system of M-1 and M-2, 24 composite three-dimensional models were prepared with the following shoulder geometries: (1) the chisel-edge, (2) Figure 2 . Although all the slices of each model were examined, only two are presented here, namely the third and the fifth slices. These slices were selected because they were representative of the stress distribution which took place in areas preceding the pulp chamber and those which included the pulp chamber. 
Results
The modulus of elasticity in compression (El and E2) of M-1 and M-2 are listed in Table 2 . The average ratio of El / E2 was 1.0:4.3, in other words, the ratio of the modulus at the stress-freezing temperature of the photoelastic model of the restoration and the tooth was equal to that of gold and dentin.
Typical isochromatic fringes in a slice taken from a crown with a shoulder preparation are shown in Figure 3 . The variations of N in slices no. 5 and 3 along line C-D are plotted in Figures 4 and 5 , respectively. In Figure 6 the stress distribution in slice no. 3 resulting from point loading applied on the lingual cusp of the molar along lines A-B, C-D, and E-F is given for the chisel and shoulder geometry. The advantage of this material system is that the model can be stress-frozen in a relatively short time and at a low temperature. The system also was characterized by a low exothermic reaction which made it possible to cast large models without creating residual thermal stresses. Another advantage of this system is the fact that the same silicone molds could be used to prepare up to 15 photoelastic models before it had to be discarded. Time was saved since two to three days were usually required to prepare the silicone molds, and by using one set of molds it was possible to reproduce the models accurately. The major disadvantage of the system is that the properties of epoxy mate- rials are quite sensitive to small changes in temperature, and therefore considerable caution must be exercised during stress-freezing and testing.
Discussion
When slices from the first molar were examined in the circular polariscope it was observed that regardless of the marginal configuratiori the stress distribution in the first molar was fairly symmetrical on both sides of a plane passing through the middle of the molar. In fact, the stress varied little while moving mesiodistally across the pulp chainler. Symmetry also was observed in slices taken along the long axis of the tooth. The preceding observations allowed measurements to he concentrated on slices no. 3 and 5.
It was observed that in any slice at planes remote from the areas immediately affected by the marginal changes, the shear stresses were similarly distributed regardless of the marginal configurations in question. Also, it was noticed that high shear stresses occurred in the upper two-thirds of the molar only. The lower one-third, therefore, could quite safely have been disregarded, since the shear stresses there were quite negligible.
As a result of the type of occlusion used, that is, cusp-to-fossa, the cusp on the lingual side of the molar was under less shear stress, and therefore, the shear stresses at the margin on the lingual side were lower than those on the buccal side. As can be seen in Figure  6 , not much difference occurred in N, which is directly proportional to the shear stress, between the chisel edge and the shoulder geometry, except at point 9, where N was higher for the shoulder geometry. In contrast, the chamfer geometry exhibited lower shear stresses at all points along line C-D. In Figure 4 , relatively high shear stresses occurred at points 3 and 4; this was caused mainly by the maxillary tooth contacting the mandibular first molar at the fossa, above the pulp chamber. Also in Figure 4 , point 10 was a high shear stress area, which was mainly a result of the sudden change in the outer morphology of the molar. It 
